Two-sided flux decoration experiments indicate that threading dislocation lines (TDLs), which cross the entire film, are sometimes trapped in metastable states. We calculate the elastic energy associated with the meanderings of a TDL. The TDL behaves as an anisotropic and dispersive string with thermal fluctuations largely along its Burger's vector. These fluctuations also modify the structure factor of the vortex solid. Both effects can in principle be used to estimate the elastic moduli of the material.
Recent two-sided flux decoration experiments have proven an effective technique to visualize and correlate the positions of individual flux lines on the two sides of Bi 2 Sr 2 CaCu 2 O 8 (BSCCO) thin superconductor films [1, 2] . This material belongs to the class of high-T c superconductors (HTSC), whose novel properties have aroused considerable attention in the last few years [3] . Due to disorder and thermal fluctuations, the lattice of rigid lines, representing the ideal behavior of the vortices in clean conventional type II superconductors, is distorted. Flux decoration allows to quantify the wandering of the lines as they pass through the sample. The resulting decoration patterns also include different topological defects, such as grain boundaries and dislocations, which in most cases thread the entire film.
Decoration experiments are typically carried out by cooling the sample in a small magnetic field. In this process, vortices rearrange themselves from a liquid-like state at high temperatures, to an increasingly ordered structure, until they freeze at a characteristic temperature [4, 5] . Thus, the observed patterns do not represent equilibrium configurations of lines at the low temperature where decoration is performed, but metastable configurations formed at this higher freezing temperature. The ordering process upon reducing temperature requires the removal of various topological defects from the liquid state: Dislocation loops in the bulk of the sample can shrink, while threading dislocation lines (TDLs) that cross the film may annihilate in pairs, or glide to the edges. However, the decoration images still show TDLs in the lattice of flux lines. The concentration of defects is actually quite low at the highest applied magnetic fields H (around 25G), but increases as H is lowered (i.e. at smaller vortex densities). Given the high energy cost of such defects, it is most likely that they are metastable remnants of the liquid state. (Metastable TDLs are also formed during the growth of some solid films [6] .)
Generally, a good correspondence in the position of individual vortices and topological defects is observed as they cross the sample. Nevertheless, differences at the scale of a few lattice constants occur, which indicate the wandering of the lines. Motivated by these observations, we calculate the extra energy cost associated with the deviations of a TDL from a straight line conformation. The meandering TDL behaves like an elastic string with a dispersive line tension which depends logarithmically on the wavevector of the distortion.
By comparing the experimental data with our results for mean square fluctuations of a TDL, it is in principle possible to estimate the elastic moduli of the vortex lattice. Hence, this analysis is complementary to that of the hydrodynamic model of a liquid of flux lines, used so far to quantify these coefficients [10] . On the other hand, the presence of even a single fluctuating TDL considerably modifies the density correlation functions measured in the decoration experiments. The contribution of the fluctuating TDL to the long-wavelength structure factor is also anisotropic and involves the shear modulus, making it a good candidate for the determination of this coefficient.
In the usual experimental set-up, the magnetic field H is oriented along to the z axis, perpendicular to the CuO-planes of the superconductor. The displacements of the flux lines from a perfect triangular lattice at a point (r, z), are described in the continuum elastic limit, by a two-dimensional vector field u(r, z). The corresponding elastic free-energy cost
where ∇ = (∂ xx + ∂ yŷ ); and c 11 , c 44 , and c 66 , are the compression, tilt, and shear elastic moduli, respectively. Due to the small magnetic fields involved in the experiments, non-local elasticity effects [3] are expected to be weak, and will be neglected for simplicity. In addition, at the temperatures corresponding to the freezing of decoration patterns, disorder-induced effects should be small, and will also be ignored.
To describe a dislocation line, it is necessary to specify its position within the material, and to indicate its character (edge or screw) at each point. The latter is indicated by the Burger's vector b, which in the continuum limit is defined by L du = −b, with L a closed circuit around the dislocation [11] . For the TDLs in our problem, the Burger's vectors lie in the xy-plane, and the line conformations are generally described by the position vectors Fig. 1 ). Unlike a vortex line, the wanderings of a TDL are highly anisotropic: In an infinite system with a conserved number of flux lines, fluctuations of the TDL are confined to the glide plane containing the Burger's vector and the magnetic field.
The hopping of the TDL perpendicular to its Burger's vector (climb) involves the creation of vacancy and interstitial lines, as well as the potential crossing of flux lines [7, 8] . These defects are very costly, making TDL climb unlikely, except, for instance, in the so-called supersolid phase, in which interstitials and vacancies are expected to proliferate [9] . Nevertheless, for a sample of finite extent, introduction and removal of flux lines from the edges may enable such motion. This seems to be the case in some of the decoration experiments where the number of flux lines is not the same on the two sides [1] . In order to be completely general, at this stage we allow for the possibility of transverse fluctuations in R(z), bearing in mind that they may be absent due to the constraints.
We decompose the displacement field u into two parts: u s (r − R(z), z), which represents the singular displacement due to a TDL passing through points R d (z) in independent twodimensional planes; and u r , a regular field due to the couplings between the planes. By construction, the former is the solution for a two-dimensional problem with the circulation constraint [11] , while the latter minimizes the elastic energy in Eq. (1), and is consequently the solution to
After Fourier transforming this equation and substituting its formal solution in Eq.(1), the energy cost of a fluctuating TDL is obtained as 
Here, R(k z ) is the Fourier transform of R(z); R ⊥ and R stand for its components perpendicular and parallel to the Burger's vector, respectively; and
The above expressions are obtained after integrating over q, with a long-wavevector cutoff Λ at distances of the order of the flux-line lattice spacing, below which the continuum treatment is not valid. If we also take into account a short-wavevector cutoff Λ * due to finite sample area, the dependence of the kernels on k z has different forms. For values Equilibrium thermal fluctuations of a TDL are calculated from Eq.(2), assuming that one can associate the Boltzmann probability e −∆H/k B T to this metastable state. After averaging over all possible configurations of R(k z ), the mean square displacements are obtained as
respectively, where L is the thickness of the film. In terms of the function
these quantities satisfy the simple relation
Thus, even if the TDL is allowed to meander without constraints, its fluctuations are 
where we have defined l 1 ≡ b c 44 /c 11 , and d o is a short-distance cutoff along the z-axis. For length-scales below d o , the layered nature of the material is important.
In order to estimate typical fluctuations for the TDL, we assume that c 66 ≪ c 11 , and approximate Eq.(4) by its leading behavior. In this limit, |R | 2 ≃ 2 |R| The crossover lengths introduced turn out to be l 1 ∼ 17µm, and l 6 ∼ 29µm, so that the experimental sample thickness (L ∼ 20µm) approximately falls into the constant regime in TDLs also produce anisotropies in the flux line density n(r, z), and the corresponding diffraction patterns. Neutron scattering studies can in principle resolve the full three dimensional structure factor S(q, k z ) = |n(q, k z )| 2 , although only a few experiments are currently available for different HTSC materials [14, 15] . Two-sided decoration experiments also provide a quantitative characterization of the two-dimensional structure factors calculated from each surface, as well as the correlations between the two sides of the sample.
The diffraction pattern from a vortex solid has Bragg peaks at the reciprocal lattice positions. Unbound dislocations modify the translational correlations; a finite concentration of dislocation loops can drive the long wavelength shear modulus to zero, while maintaining the long-range orientational order [13] . The resulting hexatic phase has diffraction rings with a 6-fold modulation, which disappears in the liquid phase. In all phases, the diffuse scattering close to q = 0 is dominated by the long wavelength density fluctuations, which are adequately described by n = ∇ · u, leading to
The contribution of equilibrium density fluctuations (from longitudinal phonons) to Eq. (9) has the form [10]
where A is the sample area. This contribution is clearly isotropic, and independent of the shear modulus in the solid phase. (The anisotropies of the solid and hexatic phases are manifested at higher orders in q.) For a sample of finite thickness, the phonon contribution in rather general situations including surface and disorder effects, was obtained in Ref. [10] ,
is the 2D structure factor of each surface, while R(q, L) measures the correlations between patterns at the two sides of the film.
The above results were used in Ref. [2] to determine the elastic moduli c 11 and c 44 of the vortex array, at different magnetic fields. However, the decoration images used for this purpose have the appearance of a solid structure with a finite number of topological defects.
We shall demonstrate here that the presence of a single trapped TDL modifies the isotropic behavior in Eq. (10) . We henceforth decompose the displacement field u(r) into a regular phonon part u o , and a contribution u d = u s + u r from the meandering TDL described by R(z). The overall elastic energy also decomposes into independent contributions
To calculate the average of any quantity, we integrate over smoothly varying displacements u o , and over distinct configurations of the dislocation line R(z). Thus the structure factor in Eq.(9) becomes a sum of phonon and dislocation parts.
The results of Eq.(5) can be used to calculate the contribution from a fluctuating TDL, which has the form 
